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1 INTRODUCTION  
Aquatic plants are fundamental components of a 
natural water environment, and the current envi-
ronmental river management prefers to preserve 
natural wetland and floodplain vegetation, al-
though a lot of aquatic plants have been removed 
to prevent water disaster in actual rivers. A large-
scale coherent vortex is generated near the vegeta-
tion edge, which dominate the momentum and 
scalar transport between the over- and within ve-
getation. Thus, estimating the flow resistance of 
vegetated flows is of great importance in river 
management. In such vegetated open-channel 
flows, both the geometry of the vegetation ele-
ments (shape, size, flexibility and vegetation den-
sity) and turbulence characteristics will affect the 
hydrodynamic resistance significantly. 
Kouwen & Unny (1973) conducted the earlier 
experiments of flexible vegetated open-channel 
flows by Pitot tube. The log-law distribution de-
scribed well the velocity profile above the vegeta-
tion layer. 
Jarvela (2002) investigated the flow resistance 
of the flexible and stiff vegetation in a laboratory 
flume. They revealed that the friction factor was 
dependent mostly on the deflected height of flexi-
ble vegetation, the flow velocity and water depth. 
Stephan & Gutknecht (2002) conducted the ve-
locity measurements above the flexible vegetation 
by acoustic Doppler velocimetry (ADV) to deter-
mine the relationship between the hydraulic 
roughness and the deflected height of vegetations. 
The analysis of the velocity measurements 
showed that the zero plane displacement of the lo-
garithmic law was correlated with the deflected 
plant height. 
Velasco et al. (2003) have investigated a hy-
dro-mechanical interaction between the flow and 
flexible plants by using ADV, and found some in-
teresting relations between the flow field and the 
local plant deformation. 
Carollo et al. (2005) pointed out that the appli-
cation of Kouwen‘s method produces a systemati-
cal overestimation of flow resistance in natural 
flexible vegetation flow. To obtain good agree-
ment with experimental data, the coefficients ap-
pearing in the log-law type flow resistance were 
re-estimated.  
Nikora et al. (2008) examined the effects of 
aquatic vegetation on hydraulic properties in a 
range of vegetation types and their characteristic 
patch patterns. They suggested simple qualitative 
relationships to predict these effects using the ve-
getation parameters. Comparisons among the ve-
getation parameters indicated that the submer-
gence depth ratio was the best parameter for 
roughness.  
Righetti (2008) investigated the mean flow and 
turbulence structure in an open-channel flow with 
flexible vegetation by using a 3-D ADV. They 
conducted the time- averaging and space-
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averaging (Double-averaging) method and re-
vealed that the mean velocity, the vegetation den-
sity and the plant flexibility are the driving para-
meters for the developing of a mixing layer near 
the canopies.  
Recently, Okamoto & Nezu (2009) have con-
ducted the simultaneous measurements of turbu-
lence and vegetation motion in open-channel 
flows with flexible vegetation by using a combi-
nation of PIV and PTV techniques. They ex-
amined the relation between coherent vortices and 
organized plant motion, so-called Monami phe-
nomena. 
These vegetated open-channel flows have re-
ceived much attention in the past decades. How-
ever, in such vegetated open-channel flows, both 
the properties of vegetation elements and turbu-
lence characteristics may affect the hydrodynamic 
resistance significantly. Therefore, in the present 
study, turbulence measurements were conducted 
for rigid and flexible vegetation flows by using 
PIV techniques. As the results, the characteriza-
tion of flow resistance due to flexible vegetation 
roughness was examined by changing vegetation 
height. 
2 EXPERIMENTAL METHOD 
2.1 Experimental setup and vegetation model 
Laboratory experiments were carried out in a 10-
m long and 40cm wide tilting flume, as shown in 
Figure1. ,x y and z are the streamwise, vertical 
and spanwise coordinates, respectively. The ver-
tical origin, ,0=y  was chosen on the channel 
bed. uUu +≡~ , vVv +≡~  and wWw +≡~  are 
the instantaneous velocity components in each 
coordinate. U and V are the time-averaged veloci-
ty components for streamwise and vertical direc-
tions, respectively. u and v are the corresponding 
velocity fluctuations.  
H is the water depth, h is the vegetation height 
and hd is the deflected height of flexible vegeta-
tion. The rigid vegetation was modeled as rigid 
strip plates (h=50mm height, b=8mm width and 
t=1mm thickness) in the same manner as con-
ducted in laboratory experiments by Nezu & San-
jou (2008). The present flexible vegetation ele-
ments were all the same and made of h=50, 70, 
Table1 Hydraulic condition 
Type a (1/m) H (cm) h (cm) H/h U m (cm/s) Re Fr Classification of plant motion
10.0 15000 0.08
12.0 18000 0.10
15.0 22500 0.12
17.0 25500 0.14
20.0 30000 0.16
25.0 37500 0.21
10.0 15000 0.08
12.0 18000 0.10
15.0 22500 0.12
17.0 25500 0.14
20.0 30000 0.16
25.0 37500 0.21
30.0 45000 0.25
35.0 52500 0.29
10.0 21000 0.07
12.0 25200 0.08
15.0 31500 0.10
17.0 35700 0.12
20.0 42000 0.14
25.0 52500 0.17
30.0 63000 0.21
35.0 73500 0.24
10.0 27000 0.06 Swaying(S)
12.0 32400 0.07
15.0 40500 0.09
17.0 45900 0.10
20.0 54000 0.12
25.0 67500 0.15
10.0 31500 0.06 Swaying(S)
12.0 37800 0.07
15.0 47250 0.09
17.0 53550 0.10
20.0 63000 0.11
25.0 78750 0.14
15.0
21.0
27.0
31.5
3.0
5.0
7.0
9.0
10.5
Rigid(R)
Swaying(S)
Swaying(S)
Monami(M)
Monami(M)
Monami(M)
Monami(M)
0.061
R
F5
F7
F9
F10.5
7.6
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Figure 1 Experimental set-up 
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90, 105mm height, b=8mm width and t=0.1mm 
thickness OHP film strip sheets. The flexural ri-
gidity J (= IE × ) of this vegetation element was 
5103.7 −×=J Nm2 by preliminary experiments, in 
which E is the stiff modulus and I is the inertial 
moment of vegetation. The present value is in the 
same order of magnitude as 5107.1 −×=J Nm2 of 
Velasco et al. (2003) for aquatic vegetation ele-
ments. 
In the present study, the instantaneous velocity 
components )~,~( vu were calculated by PIV algor-
ism, in which the fluid tracers were Nylon-12 par-
ticles of 100μ m diameter and 1.02 specific densi-
ty. The illuminated flow pictures on the x-y plane 
were taken by a high-speed CMOS camera 
(1024×1024 pixels) with 500Hz frame rate and 
60s sampling time. A laser light sheet (LLS) was 
projected into the water vertically from the free 
surface. The 2mm thickness LLS was generated 
by 3W Argon-ion laser using a cylindrical lens. 
2.2 Classification of vegetation motion 
Table 1 shows the hydraulic condition. Experi-
ments were conducted for both rigid and flexible 
vegetations on the basis of six flow scenarios, in 
which the flexible vegetation height h was 
changed from 5.0cm to 10.5cm. However, the rel-
ative submergence depth H/h and the bulk mean 
velocity mU  were kept constant for all cases. 
The classification of plant motions is indicated in 
Table 1. ‘‘S’’ means Gently Swaying (non-
organized waving), and ‘‘M’’ means Monami (or-
ganized waving). 
The flexible vegetation motion was classified 
into four types on the basis of both the hydrody-
namic action of the flow and the flexural rigidity 
EI. Four types have been observed experimentally 
in flexible vegetated flows, e.g., see Carollo et al. 
(2005) and Okamoto & Nezu (2009): 
1. Vegetation elements are Erect and do not 
change their tip position in time 
2. Vegetation elements are independently waving 
each other (Gently Swaying), i.e. without or-
ganized motions  
3. Vegetation elements are deflected more signifi-
cantly and the coherent waving motion of ve-
getation is observed (Monami) 
0
0.2
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8 1
cUU ** /
hhd /
Monami
Swaying
h (cm) U *c (cm/s) M S
5.0 5.8 ႑ ႒
Present data 7.0 5.0 ● ○
(H/h =3.0) 9.0 3.7 Ⴃ Ⴄ
10.5 3.3 Ⴍ Ⴎ
▲
ٕ ٖ
 
Figure 3 Classification of Swaying type and Monami type 
in flexible vegetation 
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Figure 2 Flow patterns in dense flexible vegetation 
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4. Vegetation elements assume permanently a 
Prone position 
Figure 2 schematizes the flexible vegetation 
motion patterns. The undeflected height h of a 
flexible vegetation element corresponds to the ri-
gid vegetation height. In contrast, dh  is the time-
averaged value of the fluctuating deflected height 
hd (t) of a typical flexible-vegetation element. In 
Type 1, the flexible vegetations assume a Erect 
behavior for low flow velocity.  This Erect flow 
pattern is analogous to the ‘Rigid’ vegetated open-
channel flows. In Types 2 and 3, the vegetation 
motion depends on the flow condition and the 
plant morphology. It is important to note that a 
shear-layer is generated only when the vegetation 
density increases above a threshold value and the 
momentum absorption by the canopies is suffi-
cient to produce an inflection point in the velocity 
profile, which is needed to trigger Monami phe-
nomena.  
For low EI values and higher flow velocity, the 
flexible vegetation elements assume the Prone po-
sition. As the flexural rigidity EI increases, the 
higher values of flow velocity are necessary in or-
der to reach the Prone type. Kouwen & Unny 
(1973) proposed that the flexible vegetation shows 
a Prone configuration when the friction velocity 
*U is higher than a critical value CU * . They found 
then that the value of CU *  is a function of the 
vegetation height h, the vegetation density a and 
the flexural rigidity J. 
Figure 3 shows the variations of the friction 
velocity CUU ** /  against the time-averaged def-
lected height hhd  for the different flexible ve-
getation heights of h= 5.0, 7.0, 9.0, 10.5(cm). In 
this figure, the vegetation density a and the flex-
ural rigidity EI of the flexible vegetations are kept 
constant (a=7.6(1/m), EI = 7.3×10-5 [Nm2]). This 
figure shows that the larger friction velocity, i.e., 
the higher velocity, causes the deflection of plants 
more significantly, which is in good agreement 
with Kouwen & Unny (1973). Of particular signi-
ficance is that the Monami occurs at ≥CUU ** /  
say 0.75, whereas, the Swaying occurs at the low-
er friction velocity, i.e., the lower flow- resistance 
force. These results are interesting findings and 
should be further investigated in more detail.  
3  RESULTS 
3.1 Mean flow 
Figure 4 shows the deflected flexible vegetation 
heigh hhd /  versus a non-dimensional parameter ( ) hUmEI // 4/12*ρ , in which m is the vegetation 
density used by Kouwen & Unny (1973). The val-
ues of hhd / were obtained from PTV measured 
data by Okamoto & Nezu (2009). The present data 
are compared with those of Kouwen & Unny 
(1973). They evaluated the deflection of flexible 
vegetation elements by the use of the rigidity fac-
tor, EI. On the basis of experiments carried out in 
laboratory flume with flexible vegetation of six 
different patterns, Kouwen & Unny (1973) de-
duced the following empirical formula:  
286.057.3
4/1
2
*
−⎟⎟⎠
⎞
⎜⎜⎝
⎛=
U
mEI
hh
hd
ρ   (1) 
The present data are in good agreement with 
Kouwen & Unny (1973)’s data and also with 
Eq.(1), although there are some scatters among 
data. Consequently, Eq.(1) of Kouwen & Unny 
(1973) may be used to evaluate the deflected ve-
getation height dh , which is necessary to consid-
er the resistance law. Eq. (1) is written in the fol-
lowing form: 
1
1.5
2
2.5
3
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4
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Figure 4 Relation between aggregate stiffness mEI and the def-
lection dh  
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Figure 5 Mean velocity 
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( ) 2*4286.057.3 1 UhhmEI d ρ+=    (2) 
For natural vegetation, the value of flexural rigidi-
ty EI may be estimated from (2) by measuring h, 
dh , m and U*. 
Figure 5 shows the mean velocity profiles U(y) 
for different vegetation height. The values of U 
are normalized by the bulk mean velocity mU . The 
values of mUU / are shifted in the longitudinal 
axis by 0.2 units. The strong shear layer near the 
top of the canopy is produced and a significant in-
flection-point appears near the vegetation top 
(y=h for rigid canopy and y= dh for flexible one), 
which is in good agreement with Nepf & Vivoni 
(2000).  
The values of hhd /  are indicated in the le-
gend of Figure 5. The flexible vegetation is def-
lected more significantly, as the plant height h in-
creases. Consequently, the height of the 
inflection-point decreases with an increase of the 
vegetation length (or height) h. 
Several researchers have pointed out that the 
velocity over the submerged canopy obeys the 
log-law profile of Eq.(3).  
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
0
* ln
1/
y
dy
UU κ     (3) 
in which, d and 0y are the zero-plane dis-
placement thickness and the roughness height, re-
spectively. Figure 6 shows the semi-log plot of the 
mean velocity */UU  against the normalized 
coordinate 0/)( ydy − . The values of */UU are 
shifted upwards by 2 units. The friction velocity 
U* was defined as the peak value of the Reynolds 
stress uv− .  
It is observed that the mean velocity profile 
U(y) obeys the log-law of Eq.(1) very well farther 
from the canopy edge. hlog is the lower limit posi-
tion of the log-law zone, in which turbulence cha-
racteristics are more analogous to those of boun-
dary layers rather than mixing-layers, as pointed 
out by Nezu & Sanjou (2008). The values of 
dhh /log  are almost constant of 1.6 for flexible 
vegetation, which is in the same order of magni-
tude as 8.1/log =hh  of Nezu & Sanjou (2008) 
for rigid vegetation.  
The zero-plane displacement d  corres-
ponds to the mean level of momentum absorption, 
as follows:  
dy
y
uv
dy
y
uv
yd
hh
)(/)(
00 ∫∫ ∂∂∂∂=    (4) 
Eq.(4) was also used in aquatic canopy flows 
by Nepf & & Vivoni (2000) and Nezu & Sanjou 
(2008). The roughness height 0y  was deter-
mined so that the experimental values of */UU  
might be best-fitted to the log-law of (3). Figure 7 
shows the zero-plane displacement d, against the 
deflected vegetation height dh . The zero-plane 
displacement seems to be correlated well with the 
deflected plant height, resulting in d/hd=0.78. This 
value is in good agreement with Stephan & Gut-
necht (2002)’s data of d/hd=0.83. The zero-plane 
displacement becomes larger with an increase of 
the vegetation length h.  
The values of dhy /0  are also indicated in the 
legend of Figure 6. As the averaged values, 
dhy /0 =0.14 was obtained for flexible vegetation. 
This value is consistent with Nepf & Vivo-
ni(2000), who obtained hy /0 =0.11. These re-
sults suggest that the mean plant height dh  be-
comes an important parameter for describing the 
influence of roughness on the overall flow field. 
0
5
10
15
1 10 100
0y
dy −
*UU
logh
Type h (cm) h log /h d d/h d y0 /h d
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Figure 6 Semi-log plot of mean velocity over canopy 
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Figure 7 Zero-plane displacement 
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3.2 Flow resistance law 
The estimation of the friction factor is very impor-
tant in river engineering. Figure8 shows the values 
of the friction factor ( )2* /8 mUUf = of Darcy-
Weisbach for Rigid and Flexible vegetations. For 
a comparison, the Flexible vegetation data of Ve-
lasco et al. (2003) are also included in Figure8. 
The friction factor f decreases as the Reynolds 
number Re increases. It is also observed that the 
values of f for flexible canopy are smaller than 
those for rigid canopy. This implies that the def-
lection of the flexible vegetation reduces the flow 
resistance. 
Figure 9 shows the variations of the friction 
factor f against the time-averaged deflected height 
hhd  for the different flexible vegetation length 
of h= 5.0, 7.0, 9.0, 10.5(cm). The friction factor f 
increases as the deflected height hhd becomes 
larger. These results are in good agreement with 
Jarvela (2002)’s data.  
Kouwen & Unny (1973) suggested that the 
friction factor is a function of the deflected plant 
height dh  for ‘Swaying’ and ‘Monami’ canopies. 
In contrast, the flow boundary becomes a smooth 
wavy surface for the ‘Prone’ type flow. This 
‘Prone’ canopy flow has not been fully investi-
gated as yet. 
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Figure 8 Friction factor f versus Re   Figure 10 Reynolds stress distribution  
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Figure 9 Friction factor f versus the deflected flexible vege-
tation height 
Figure 11 Vertical distribution of the time-averaged vorticity
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3.3 Turbulence structure 
Figure10 shows the vertical distribution of the 
Reynolds stress uv−  normalized by the bulk 
mean velocity mU  for different height plant mod-
els. This ratio 2/ mUuv−  is a measure of momen-
tum exchange efficiency. The uv−  distribution 
for Swaying (S) canopy is similar to that for Rigid 
(R) canopy one, which have a sharp peak near the 
vegetation edge (y/h=1.0).  
In contrast, in the Monami canopy, the uv−  
has a milder peak structure. The peak values of 
uv−  become smaller for Monami canopy than 
for Rigid canopy, which is consistent with the ob-
servation of Ghisalberti & Nepf (2006). This im-
plies that for Rigid canopy, the strong shear layer 
near the vegetation edge generates a large-scale 
coherent vortex and the larger momentum is 
transported toward the within-canopy, as pointed 
out by Nezu & Sanjou (2008). In contrast, for 
Monami (M) canopies, the oscillations of flexible 
vegetation increase the momentum absorption 
near the canopy much higher compared to Rigid 
(R) canopies. 
Figure 11 shows the vertical distribution of the 
time-averaged vorticity ( )yΩ  for Rigid and 
Flexible vegetation flows. The corresponding in-
stantaneous vorticity Ω is defined as 
 
y
u
x
v
∂
∂−∂
∂=Ω
~~
   (5) 
( )yΩ  is a measure of the vortex rotation. The 
distributions of Ω  have the peak value near the 
vegetation edge. This indicates that the large-scale 
coherent vortices are generated at the vegetation 
edge. The values of Ω  for Rigid vegetation be-
come lager than those for Flexible vegetation. 
Nepf & Ghisalberti (2008) also suggested that the 
Rigid canopy generates comparatively larger and 
more rapidly rotating vortices than the Flexible 
canopy.  
Figure 10 and 11 indicate that the flexible ve-
getation elements are deflected significantly for 
Monami canopies and the coherent vortices be-
come weaker and smaller. This conclusion is sup-
ported by the observed Reynolds stress distribu-
tion 2/ mUuv−  shown in Figure10. 
3.4 Instantaneous structure 
PIV techniques are much more powerful to cap-
ture a whole velocity field and to examine the tra-
jectory of the instantaneous coherent motion than 
point measurements such as LDA and ADV. Fig-
ure 12 shows some examples of the instantaneous 
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Figure 12 Instantaneous velocity vectors and vegetation mo-
tions for Monami 
Figure 13 Time series of streamwise velocity u(t) and the 
deflected-vegetation height, hd(t) 
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velocity vectors )v~,u~(  for flexible canopy 
(h=7.0cm, Monami). The colored contour indi-
cates the value of u . The tip positions ( )y,x ΔΔ  
of vegetations are also included by triangular 
symbols in Figure12.  
At t=0.0s, the Sweep motion is observed above 
the vegetation edge and the flexible vegetations 
are deflected most significantly in the region of 
=vLx / 1.0-4.0. At t=0.98s, the Sweep motion is 
followed by the Ejection motion and the instanta-
neous flexible vegetation height hd(t) increases at =vLx / 1.0-4.0.  
Figure 13 shows the time-series of the stream-
wise velocity u(t) at the vegetation edge (y/h=1.0) 
and the flexible vegetation height hd(t). The vege-
tation elements 1, 2, 3, 4 correspond to the flexi-
ble vegetations 1, 2, 3, 4 in Figure13. At t=0.0-
0.5s, the flexible vegetations are deflected by the 
Sweep motion in Figure 12. At t=0.6-1.2s, the 
Ejection motion in Figure 13 appears near the ve-
getation edge and the instantaneous flexible vege-
tation height hd(t) increases. It is also observed 
that the coherent waving motion of flexible plants 
is convected in the downstream. Figs. 12 and 13 
show the periodical generation mechanism of 
sweeps and ejections for Monami canopy. These 
results are consistent with Okamoto & Nezu 
(2009). 
4 CONCLUSIONS 
In the present study, we highlighted these impor-
tant topics and measured the instantaneous veloci-
ty structure and coherent motions in open-channel 
flows with flexible vegetations by using PIV 
technique. Furthermore, we revealed the hydro-
mechanic interaction between flow and flexible 
plant motion. 
The significant results obtained in this study 
are as follows: 
1. We classified the flexible vegetation motion by 
using the critical friction velocity CU * . The 
Monami occurs at the higher friction velocity 
( ≥CUU ** / 0.75), whereas the Swaying occurs 
at the lower friction velocity. 
2. Mean velocity profile obeys the log-law very 
well farther from the canopy edge. The zero-
plane displacement is correlated well with the 
deflected plant height. These results suggest 
that the mean deflected plant height becomes 
an important parameter for describing the in-
fluence of roughness in overall flow field. 
3. The friction factor f increases as the deflected 
height becomes larger. It is also observed that 
the values of f for flexible canopy are smaller 
than those for rigid canopy.  
4. The flexible vegetation elements are deflected 
significantly for Monami canopies and the co-
herent vortices near the vegetation edge be-
come weaker and smaller. 
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